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{S| ' We explore the consequences of an electroweak symmetry breaking sector which 

■ exhibits approximately scale invariant dynamics - i.e., nontrivial fixed point behavior, 

■ as in unparticle models. One can think of an unHiggs as a composite Higgs boson with 
a continuous mass distribution. We find it convenient to represent the unHiggs in terms 

. ^ ' of a Kallen-Lehmann spectral function, from which it is simple to verify the generation 

^ ' of gauge boson and fermion masses, and unitarization of WW scattering. We show 

that a spectral function with broad support, which corresponds to approximate fixed 
point behavior over an extended range of energy, can lead to an effectively invisible 
Higgs particle, whose decays at LEP or LHC could be obscured by background. 



"Charge de recherches du F.R.S.-FNRS. 
^xavier. calmet@uclouvain.be 
■fdesh@uoregon.edu 
§hexg@phys.ntu.edu.tw 
■ hsu@uoregon . edu 



1 



Recently there has been significant interest in the possibility of an unparticle sector of 
fundamental physics which is approximately scale invariant [1]. Most models have assumed 
that the unparticle sector is peripheral to the standard model, but recently Stancato and 
Terning [2] have considered the possibility that the sector that spontaneously breaks elec- 
troweak symmetry is approximately scale invariant, leading to an unHiggs boson, see ref. [3] 
for works on related ideas. In [4] it was shown that scale invariance can be described in terms 
of particles with continuous masses [5] or, equivalently, with more complicated than usual 
Kallen-Lehman representation [6]. In this letter we apply the continuous mass formalism 
to the unHiggs, deducing rather simply how fermion masses are generated, how unitarity 
is preserved in the presence of massive gauge bosons, and the form of radiative corrections. 
Further, we illustrate that if scale invariance holds over a large range of energies the resulting 
unHiggs particle is effectively a broad resonance, which may be extremely difficult to detect. 
In this scenario of a potentially effectively invisible unHiggs there is no violation of unitarity 
and no disagreement with electroweak precision data, yet no Higgs would be seen at LHC. 

To illustrate the basic mechanism we consider a scalar field with a continuous mass 
cj)(x,p). The corresponding unparticle field <pu is defined as in [4]: 

<h(x) = / <t>{x,p)f{p)dp (1) 
J o 

where f(p) = ddp d l 2 ~ l with 

2 Aa 167r 5 / 2 r(rf+l/2) 

d 2vr' d (2vr) M r(rf- l)r(2d)' 1 ' 

By choosing the continuous mass field with appropriate gauge properties we can use it to 
implement symmetry breaking. The field <f>(x, p) is chosen to be dimensionless. As an 
example, we begin by assuming that is charged under a U(l) gauge symmetry. One 
could trivially generalize our consideration to any non-abelian gauge group. We consider the 
following Lagrangian density which has a U(l) gauge invariance in the x-space: 

C(x) = | o ° O ( J D^(x,p)^0(x,p)+p0*(a;,p)0(x,p)-A(p)(0*( a ;,p)0(a;,p)) 2 ) dp (3) 

~F, u (x)F^(x), 

where A and p have mass dimension +2 and the scalar is dimensionless. The covariant 
derivative is given by = <9 M + igA^(x), note that is only a function of x and not p. 
Under local U(l) gauge transformations one has, as usual, 

<t>'(x,p)=e ia M <f>(x,p) (4) 
A'^x) = A,{x) - U,a(x). (5) 
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In the limit where A = the action is scale invariant: under a scale transformation x —>■ A _1 a;, 
p — > A 2 p, the Lagrangian density is rescaled by A 4 , so that S = J d 4 x C(x) is invariant. Note 
the importance of the limits of integration < p < oo in this result. If instead the range 
of integration is finite, scale invariance is broken. Similarly, the interaction A0 4 in general 
breaks scale invariance, unless A is proportional to p. 

Note that in this formalism the path integral quantization of the field 4>(x, p) requires the 
measure Y\ xp d<p(x, p), so from this perspective there are an infinite number of new degrees 
of freedom. Similarly, the canonical quantization conditions are imposed on <p(x, p) for 
each value of p. In a microphysical realization, e.g., in a confining strongly coupled gauge 
model, the scalar unparticle corresponds to a particular convolution of <p(x,p), and the 
continuous mass formalism is simply a model for the behavior of the unparticle; in particular, 
it reproduces the correct propagator and scaling dimension. In that context the additional 
degrees of freedom, beyond the special convolution, are not regarded as physical degrees of 
freedom. The unparticle bound state arises from a finite number of short distance degrees of 
freedom, whose dynamics fix the values of the functions X(p), etc. The confining theory could 
be a Banks-Zaks model [7] in which case the fixed point behavior, which presumably holds 
over some range in energy, fixes the limits of the integral over p to some range p± < p < pi- 
Presumably, p2 ^> pi so that the scale invariance that applies when the limits are zero 
and infinity is approximately true for momenta in the fixed point region. If pi — > very 
strict limits on unparticles arise due to the long range forces they mediate [8]. Clearly there 
are challenges in assuming the existence of a confining gauge theory sector, some of whose 
matter degrees of freedom carry SU(2)l and condense to form the Higgs. We leave aside 
those model building issues and concentrate on the phenomenology of an unHiggs. For 
examples of dynamical models which might realize a light composite Higgs, see, e.g., [9]. 

The vacuum expectation value of the field <f)(x, p) is given by 



and we denote the fluctuation around v(p) by h(x,p). The mass of the gauge boson after 
spontaneous symmetry breaking can be seen from Eq. ([3]) to be 



and is independent on p. Presumably, we would like to set the lower limit of p integration to 
be larger than the Z mass (or the weak scale), in order to have a low energy effective theory 
with a scalar degree of freedom which is a bound state. The mass m(p) of the field h(x, p) 
is given by 




(6) 




(7) 



m 2 (p) = 2p. 
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If we extend our U(l) continuous mass Higgs model to non-abelian groups and in par- 
ticular to the standard model, the couplings of the Higgs to the gauge bosons is modified, 
the two gauge bosons Higgs coupling is given by 

g 2 A^J dpv{p)h{x,p), (9) 

where h(x, p) is the fluctuation around the vacuum expectation value and we have suppressed 
the group indices. If we were to take the continuous mass theory literally, only one particular 
convolution of the field is eaten, leaving an infinite number of additional degrees of freedom 
that couple to the gauge bosons. If the continuous mass theory is used only as a model for 
an unHiggs bound state, those additional degrees of freedom are fictitious. In particular, 
only three Goldstone modes result from the physical convolution, and those are eaten by the 
and Z in the standard model. 

The Yukawa couplings are of the form 

J ' dpY(p)* L (x)H(x,p)V R (x) + h.c. (10) 

where H(x,p) is the Higgs doublet and Y(p) has mass dimension -1. Note that the Yukawa 
couplings are not necessarily p dependent. One can write Y(p) = Y/^/p and rescale H(x,p) 
to obtain a p independent Yukawa coupling. In general, unless a specific form is assumed 
for the Yukawa constant Y(p), Yukawa couplings break conformal invariance. 

The propagator for the field h(x, p) has been evaluated in [4] and is given by 

d 4 xe^(0\Th(x,p)h(0,p')\0) = ^—8{p-(f). (11) 

Note that this is essentially a Kallen-Lehmann propagator [6]: 

f°° i 

\Ap)=J q ^.^. ^W. (12) 

with a spectral function fl pp i(p 2 ) = S(p 2 — m 2 (p)) S(p — pi). 

In our formalism the unHiggs coupling to two gauge bosons is given by Eq. (jSj), which 
yields an unHiggs boson 

<Pu(x) = J dp v(p)h(x,p) (13) 

with propagator 

M?) = [dp 2 ~ . • (14) 

The scaling properties of <fiu depend on the scaling properties of v(p), which in turn depend 
on X(p). The choice X(p) = cp preserves scale invariance, leading to constant v(p) and 
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unHiggs scaling dimension d = 2. In general, however, A(p) can have any functional form 
and we can have unHiggs of arbitrary dimension. Fermion masses and Yukawa couplings are 
given by 

m f = [dp Y(p)v(p) (15) 



and 

J dp Y(p)V L (x)h(x, p)* R (x) + h.c. (16) 

In order to preserve the property that only one particular convolution of the continuous 
mass field is physical, we must choose the Yukawa coupling function Y(p) proportional to 
v(p) such that the same convolution couples to fermions and gauge bosons. The constant of 
proportionality is g 2 rrif /4m^, and thus uniquely defined for each fermion. 

The Higgs mechanism for a continuous mass field does not lead to a violation of unitarity 
of the S-matrix if most of the mass of the Higgs is concentrated below 1 TeV. Since the 
gauge symmetry is spontaneously broken by a Higgs mechanism, which is an low-energy 
effect of the vacuum state, we expect the high energy behavior of the model should still be 
that of an unbroken gauge theory. Indeed it is easy to show using the result of [10] that the 
contribution of the unHiggs to WW elastic scattering is given by: 



6477% J s — m z (p) 



where (3 = (1 — 4/s) 1 / 2 and 9 is the scattering angle. In these expressions the usual Higgs 
propagator is replaced by the unHiggs propagator. Note that in the limit s,t ^> p, we 
recover the standard model result. As long as the range of integration terminates at a value 
not much greater than the 1 TeV unitarity bound [12], the unHiggs boson unitarizes the 
amplitude of the elastic WW scattering. Note that in the approach of [2] it is nontrivial to 
verify unitarization. 

We shall now calculate the production cross-section of the unHiggs in a lepton collider 
such as LEP. The dominant mode at LEP for the production of a light Higgs was via Higgs- 
strahlung. The production cross-section via unHiggs-strahlung at an e + e~ machine is given 
by 

Am 2 w 24 x 2 w {l-x w f 1 ; 

2K(p) (K(pf + 3m 2 z ) 



x 



/ dp v(p) 



pi Vs (s - m|) 2 
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where xw = sin 2 9w and 



K(p) = 




where m\(p) = 2p. If the Z boson is off-shell, mz in the K(p) is replaced by the four 
momentum squared of the Z-boson. The unHiggs could behave as a very broad Higgs boson 
since its mass could be distributed over a large energy spectrum. Note that the production 
cross-section into each energy bin could be much smaller than in the case where the standard 
model Higgs has that particular mass. This is similar to the results of van der Bij et al. [11], 
who first identified a number of ways that LEP could have missed the Higgs boson. If the 
mass is spread between, for example, 90 GeV and 115 GeV, the unHiggs could easily have 
escaped detection at LEP. Similarly a sufficiently broad, perhaps heavier, Higgs would be 
difficult to observe at the LHC 

Finally, we calculate the contribution to the S parameter from the unHiggs relative to 
that of a reference standard model Higgs. It is given by 

where we assume that rrih{p) 3> fnw as i n [13], ^H,ref is a standard model Higgs reference 
mass, and our S is defined relative to that value. If we take p\ and p2 less than 115 GeV 
we can obtain a better fit than the standard model one with a Higgs mass greater than 115 
GeV, although there are probably model building challenges to extending scale invariance 
down to such low energies. 

Note our results are valid for unHiggses of arbitrary scaling dimension. If we choose 

aw =£(S) • (22) 

where C is a dimensionless constant and f(p) is defined below Eq. (JTj), then the unHiggs 
coupling to gauge bosons is given, using (jSJ), by 

~ g 2 A^-^ [ dp f{p)h(x,p) , (23) 
A— J 

which describes an unHiggs of dimension d. The consequences of such a choice are obtained 
simply by replacing v(p) by Cf(p)/A~. The value of C should be of order unity and the 
scale A a few hundred GeV. 

In this note we have explored the phenomenology of an unHiggs mechanism, in which 
electroweak symmetry is broken by a field with approximate scale invariance. Using our 
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continuous mass formalism, it is easy to deduce many of the properties of an unHiggs. In 
essence, the unHiggs would behave as a very broad resonance with the usual Higgs interac- 
tions. However, because any signals it produces are spread over a large range in energy the 
unHiggs can be hidden by background processes. 

Our formulation is quite different from that in [2]. The central object in our analysis is 
the continuous mass field 0(x, p), which has the SU(2)xU(l) quantum numbers of the usual 
Higgs. We implement spontaneous symmetry breaking by causing (p(x, p) to obtain a vacuum 
expectation value. In this approach unitarization is automatic, since we have clearly only 
spontaneously broken the gauge symmetry; the high energy behavior of the model should be 
unaffected. The specific unparticle properties, such as the scaling dimension d, are obtained 
by choosing the appropriate function A(p), which determines v (p), and leads to the desired 
propagator as in Eq. (fT4l . and the appropriate coupling to gauge bosons as in Eq. ([23]) . 

We have not discussed the underlying dynamical model for this mechanism, but it would 
presumably require strong dynamics, a fixed point, perhaps of the Banks-Zaks type, and 
additional particles, some of which must carry SU(2)l and hypercharge quantum numbers. 

Acknowledgments — The work of X.C. is supported in part by the Belgian Federal Of- 
fice for Scientific, Technical and Cultural Affairs through the Interuniversity Attraction 
Pole P6/11. N.D. and S.H. are supported by the Department of Energy under DE-FG02- 
96ER40969. X.G.H. is supported by NSC and NCTS. 



References 

[1] H. Georgi, Phys. Rev. Lett. 98, 2 21601 (2007) |arXiv:hep-ph/0703260] ; Phys. Lett. B 
650, 275 (2007) jarXiv: 0704 .24571 [hep-ph]]. 

[2] D. Stancato and J. Terning, larXiv:0807. 3961 [hep-ph]; see also T. G. Rizzo, 
larXiv:0809.4659l [hep-ph]. 

[3] J. J. van der Bij and S. Dilcher, Phys. Lett. B 655, 183 (2007) }arXiv:0707.18T7l 
[he p-ph]]; A. Delgado, J. R. Espinosa and M. Quiros, JHEP 0710, 094 (2007) 
jarXiv:0707.4309l [ hep-ph]]; A. Delgado, J. R. Espinosa, J. M. No and M. Quiros, JHEP 
0804, 028 (2008) [arXi vi080 2^2680 [hep-ph]]; A. Delgado , J. R. E spinosa, J. M. No and 
M. Quiros. arXiv:0804.4574l [hep-ph]: J. P. Lee. larXiv: 080370 833 [hep-ph] . 

[4] N. G. Deshpande and X. G. He, Phys. Rev. D 78, 055006 (2008) |arXiv:0806.2"009l 
[hep-ph]]. 

[5] W. Thirring, Phys. Rev. 126, 1209(1962); N. G. Deshpande and S. A. Bludman, Phys. 
Rev. 146, 1186(1966). 



7 



[6] G. Kallen, Helv. Phys. Acta. 25, 417 (1952); H. Lehmann, Nuovo Cimento 11, 342 
(1954). 

[7] T. Banks and A. Zaks, Nucl. Phys. B 196, 189 (1982). 

[8] N. G. Deshpand e, S. D. H. Hsu and J. Jiang, Phys. Lett. B 659, 888 (2008) 
[ arXiv:0708.2735l [hep-ph]]. 

[9] F. Sannino, larXiv:0804.0T82l [h ep-phi; D. K. Hong , S. D. H. Hsu and F. Sannino, 
Phys. Lett. B 597, 89 (2004) |arXiv:hep-ph/0406200|; X. Calmet and H. Fritzsch, 
Phy s. Lett. B 496, 161 (2000) [arXiv:hep-ph /0008243|; Phys. Lett. B 525, 297 (2002) 
|arXiv:hep-ph/0107085] . 

[10] M. J. Duncan, G. L. Kane and W. W. Repko, Nucl. Phys. B 272, 517 (1986). 

[11] J. J. van der Bij and S. Dilcher, Phys. Lett. B 63 8, 234 (2006) |arXiv : hep-ph/ 06 05 008~| ; 
J. J. van der Bij, Phys. Lett. B 636, 56 (2006) |arXiv:hep-ph/ 0603082p" 

[12] B. W. Lee, C. Quigg and H. B. Thacker, Phys. Rev. D 16, 1519 (1977); B. W. Lee, 
C. Quigg and H. B. Thacker, Phys. Rev. Lett. 38, 883 (1977). 

[13] M. E. Peskin and T. Takeuchi, Phys. Rev. D 46, 381 (1992). 



8 



